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WntsThe C. elegans cell lineage is overall invariant. One rare instance of variability concerns P3.p, the most anterior
vulva precursor cell, whichmay either fuse with the epidermis without dividing, or remain competent to form
vulval tissue and divide. Here we examine the evolutionary properties of this stochastic variation in P3.p fate.
In the Caenorhabditis genus, high P3.p competence is ancestral and reduction in P3.p competence and division
frequency occurred in C. sp. 14 and in a clade of nine species. Within this clade, the frequency of P3.p division
further varies within and among species, being intermediate in C. elegans and low in C. briggsae. P3.p fate
frequency is sensitive to randommutation accumulation, suggesting that this trait may evolve rapidly because
of its sensitivity tomutational impact. P3.p fate depends on LIN-39/Hox5 expression andwe ﬁnd that the peak
of LIN-39/Hox5 protein level is displaced posteriorly in C. briggsae compared to C. elegans. However, P3.p fate
speciﬁcation is most sensitive to the dose of EGL-20 and CWN-1, two Wnts that are secreted in a long-range
gradient from the posterior end of C. elegans larvae (accompanying article). A half-dose of either of theseWnts
is sufﬁcient to affect division frequency in C. elegans N2 to levels similar to those in C. briggsae. Symmetrically,
we show that an increase in Wnt dose rescues anterior competence in C. briggsae. We propose that
evolutionary variation in the concentration or interpretation of the long-rangeWnt gradient may be involved
in the rapid evolution of P3.p fate in Caenorhabditis.. Félix).
l rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
Many developmental systems produce a constant output despite
stochastic, environmental or genetic variation acting on the develop-
mental process. However, some developmental systems are instead
highly sensitive to one or a variety of inputs and produce variable
outputs. The Caenorhabditis elegans vulva provides contrasting
examples of developmental sensitivity. For ﬁve vulval precursor
cells, P(4–8).p, the frequency of fate variants in response to stochastic
and environmental perturbations is quite low (Delattre and Félix,
2001). P6.p adopts a central 1° fate and P5.p and P7.p lateral 2° vulval
fates, due to induction from the uterine anchor cell and lateral
signaling between vulval precursor cells; P4.p and P8.p adopt a non-
vulval 3° fate.
By contrast, the fate of P3.p, themost anterior vulval precursor cell,
varies: either P3.p fuses to the epidermal syncytium hyp7 during the
early L2 stage, or it adopts a 3° fate like P4.p and P8.p, dividing once
and fusing with hyp7 in the late L3 stage (Eisenmann et al., 1998)
(Fig. 1). In the C. elegans reference strain N2, both fates are almost
equally probable, forming one rare instance of non-invariance in cell
fate and lineage pattern. Since N2 is an isogenic line, P3.p cell fate
variability represents non-genetic individuality and results from noisein the system. P3.p fusion reduces the vulva competence group to ﬁve
cells: its fusion in the L2 stage prevents it from dividing at the L3
stage; the cell is thus no longer competent to be induced to a vulval
fate. In the accompanying paper, we showed that the P3.p fate
decision is highly sensitive to variations in a long-range Wnt gradient
from the tail, which has been shown to fade in the region of P3.p in C.
elegans (Coudreuse et al., 2006). Indeed, halving the dose of either of
two Wnts is sufﬁcient to strongly alter P3.p fate frequency.
Key evolutionary questions arise concerning variable develop-
mental systems and the evolution of developmental competence
groups. How easily does the system vary under mutational input, and
in which direction? What are the rates and patterns of phenotypic
evolutionwithin and among species? Does the system evolve by being
driven by non-adaptive processes such as random mutational effects
on the phenotype, or under stabilizing or directional selection regimes
(Arthur, 2004; Gompel and Prud'homme, 2009; Lynch, 2007)? Which
molecular mechanisms underlie this phenotypic evolution?
Here we study the evolution of the P3.p developmental phenotype
(competence and division) in the Caenorhabditis genus, based on the
study by Delattre and Félix (2001) that revealed variation in this trait.
We make use of the discovery of new Caenorhabditis species and of
their phylogenetic relationships (K. Kiontke, MAF et al., submitted) to
infer evolutionary events of change in the vulval competence group.
The evolutionary shift of competence towards the posterior vulval
precursor cells correlates with a posterior displacement of the peak of
LIN-39/Hox5 level. The evolutionary reduction in P3.p cell division
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Fig. 1. Vulval precursor cell development in Caenorhabditis. (A) The vulval competence
group is formedby a subset of Pn.p cells in the ventral epidermis. P(5–7).p adopt a 2°1°2°
cell fate pattern in all Caenorhabditis species (Kiontke et al., 2007; this paper). P4.p and
P8.p normally adopt a 3° fate, which corresponds to a single division followed by fusion
to the hyp7 syncytium. P3.p cell fate is the most variable: P3.p can either fuse to
hyp7 during the L2 stage, or adopt a 3° fate like P4.p and P8.p. (B) Nomarski pictures of
two L4-stage hermaphrodites in C. elegans N2: one individual where P3.p has adopted
the alternative Fused cell fate and did not divide (left panel) and another individual
where P3.p has divided (right panel). Anterior is to the top left in each panel.
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overexpression of the posterior Wnts egl-20 or cwn-1. Together with
the accompanying paper, these results show that P3.p fate is highly
sensitive to the level of the Wnt gradient from the tail and that
variation in this gradient or in the response to it may explain the
evolutionary lability in P3.p fate. We discuss the relative contributions
in P3.p fate evolution of the propensity of P3.p fate to vary upon
mutation (its evolvability) and of natural selection.
Materials and methods
General methods and strains
Methods for handling Caenorhabditis strains were according to
standard protocols for C. elegans (Brenner, 1974). All strains were
maintained at 20 °C.Wild isolates ofCaenorhabditis specieswereobtained
from the Caenorhabditis Genetics Center, K. Kiontke, D. Fitch, and W.
Sudhaus, or thewild.C. elegans,C. briggsaeandC. sp. 11 reproduce through
self-fertile hermaphrodites and facultative males, and laboratory strains
are isogenic. All other species reproduce through males and females.
1) Wild isolates of Caenorhabditis: see corresponding ﬁgures (http://
www.justbio.com/worms/index.php for details).
2) C. elegans transgenic strains:
- JU906:mfIs22[myo-2::GFP, AJM-1::GFP] in the JU258 background;
extra-chromosomal array obtained by injection of the JU258
strain, integrated by γ-rays and backcrossed 5 times to JU258.
- JU1757:mfEx39[Cel-egl-20(+), pmyo-2::GFP]. Injection in the N2
reference strain of Cel-egl-20(+) genomic PCR product at
20 ng/μl+pPD118.33 plasmid (Cel-pmyo-2::GFP) at 5 ng/μl+
pBlueScript at 115 ng/μl as a carrier.- JU1758: mfEx40[Cel-cwn-1(+), pmyo-2::GFP]. Same with Cel-
cwn-1(+).
- JU1759: mfEx41[Cel-myo-2::GFP]. Injection in the N2 reference
strain of pPD118.33 plasmid at 5 ng/μl+pBlueScript at 115 ng/μl
as a carrier.
3) C. briggsae transgenic strains (all in AF16 background):
- JU1763:mfEx59 [Cel-egl-20(+); pmyo-2::GFP]. Injection of Cel-egl-
20(+) genomic PCR product at 20 ng/μl+pPD118.33 plasmid at
5 ng/μl+pBlueScript at 115 ng/μl as a carrier.
- JU1764: mfEx60[Cel-cwn-1(+); pmyo-2::GFP]. Same with Cel-
cwn-1(+).
- JU1765: mfEx61[pmyo-2::GFP]. Injection of Cel-egl-20(+) geno-
mic PCR product at 20 ng/μl+pPD118.33 plasmid at 5 ng/μl+
pBlueScript at 115 ng/μl as a carrier.
- JU1900: mfIs57[Cel-egl-20(+); Cel-pmyo-2::GFP]. Integration of
mfEx59 by γ-ray irradiation of JU1763. Outcrossed 6 times to
AF16.
- JU1901: mfIs58[Cel-cwn-1(+); Cel-pmyo-2::GFP]. Integration of
mfEx60 byγ-ray irradiation of JU1764. Outcrossed 6 times to AF16.
- JU1902:mfIs59[Cel-pmyo-2::GFP]. Integration ofmfEx61 by γ-ray
irradiation of JU1765. Outcrossed 6 times to AF16.
Cell lineage and cell ablation
Vulval precursor cell lineages were determined by scoring L4
animals (hermaphrodites or females) byNomarskimicroscopy. Progeny
number, relative positions and attachment to the cuticle were key
characters to distinguish the F, 3°, 2° and 1° fates (Katz et al., 1995).
Laser cell ablation was performed as described (Epstein and Shakes,
1995). To assess P3.p competence, P(4–8).p cells were ablated at the L1
stage shortly after the division of Pn cells, as inDelattre and Félix (2001).
To assess P4.p and P8.p competence, P3.p and P(5–7).p cells were
ablated at the early L2 stage, during the two rounds of epidermal seam
cell divisions.
Immunostaining and LIN-39 proﬁle quantiﬁcation
Worm synchronization, immunostaining, acquisition and measure-
ment of LIN-39 level were performed as described in the accompanying
paper.
Mutation accumulation lines
Mutation accumulation (MA) lines were a kind gift of the
laboratory of Michael Lynch (Vassilieva et al., 2000). The 46 N2
control lines were established from the progeny of a single worm
shortly after thawing the N2 strain. 50 animals of eachMA line and N2
control line were scored for P3.p and P4.p division frequency. For the
most divergent MA lines, a new scoring of 150 animals was performed
to test for a signiﬁcant change in P3.p division frequency.
Statistical analysis
The normalized LIN-39 signals are expressed as the percentage of
expression in a Pn.p over the sum of the signal in P(3–8).p. To analyse
the variance of the signal by ANOVA among Pn.p cells, these values
were arcsine transformed.
Results
Evolution of P3.p cell division frequency
Wemeasured P3.p division frequencies in hermaphrodites or females
of all Caenorhabditis species that are available in culture, and scored
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species displayed a frequency of P3.p division close to 100%. In ten other
species, P3.p divided at a lower frequency, in a range of 0–62% when
considering individual isolates and of 8–33% when considering the mean
of isolates (Figs. 2A, Supplementary Fig. S1). The two species that branch
most basally,C. sp. 1 and C. plicata, display a distinct P3.p or 3° cell division
pattern (Kiontke et al., 2007) and were not considered here.
Taking into account the known phylogenetic relationships among
Caenorhabditis species (K. Kiontke et al., submitted), P3.p division
frequency was found to be reduced in two clades: C. sp. 14 and a
monophyletic group of nine species including C. elegans and C. briggsae,
which we call clade A (Fig. 2A). The most parsimonious evolutionary
scenario consists in one or two (depending on C. sp. 14 position)
independent events of reduction of P3.p division frequency in the
ancestral lineages of clade A and of C. sp. 14.
Within clade A, P3.p division frequency was reduced compared to
the outgroup to different extents in C. elegans and its sister subclade
(clade B).When comparing C. elegans and C. briggsae, the distribution of
P3.p division frequency was skewed to higher values in C. elegans
compared to C. briggsae (Figs. 2B, Supplementary Fig. S1; pb10−3,
Mann–Whitney U-test). In addition, some isolates of several clade B
species (C. briggsae, C. brenneri, C. spp. 5, 10 and 11; Supplementary Fig.
S1) displayed a reduction in the division frequency of P4.p, which did
not divide in up to 50% of individuals.
We wondered whether the lack of P3.p division implied, as in
C. elegansN2, that P3.p fused in the L2 stage andwas thus removed from98  1 
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Fig. 2. Evolution and evolvability of P3.p division frequency in the Caenorhabditis genus. (A) M
n: number of scored isolates, for which at least 50 animals were observed. N.A.: not applic
Kiontke et al., 2007). The Caenorhabditis phylogeny is displayed on the left (Kiontke et al
jackknife values in Kiontke et al., submitted). Black rectangles A and A’ designate likely ev
species variation in P3.p division frequency occurred several times within clade A. (B) Histog
color coded as in panel (A). C. elegans wild isolates display an intermediate range of P3.p di
frequencies. The distribution of wild isolates is signiﬁcantly different in C. briggsae versu
distribution among mutation accumulation (MA) lines derived from the N2 strain (blue b
rescored, which showed that their P3.p division frequency was altered signiﬁcantly compare
P4.p division frequency, although to a smaller extent.the competence group (Eisenmann et al., 1998). Pn.p cell fusion can be
monitored by the disappearance of cell junctions with the hyp7
syncytial epidermis, which are visualized by AJM-1::GFP or immunos-
taining with the MH27 antibody. We ﬁrst monitored cell fusion with a
AJM-1::GFP transgene in JU258, a C. elegans wild isolate with low P3.p
division frequency. In the JU258 background, P3.p fused to hyp7 during
the L2 stage and remained unfused in only 6/44 animals in late L2/early
L3 stage (1/44 for P4.p), which corresponds to the frequency of P3.p
(resp. P4.p) division in this isolate. Four of the animals with an unfused
P3.p cell were recovered and P3.p divided in all. We thus conclude that
P3.p cells that do not divide fuse to hyp7 during the L2 stage, in JU258 as
in N2. We further observed using the MH27 antibody that P3.p also
fused to hyp7 during the L2 stage in C. briggsae (Supplementary
Table S1). Fusion and division cannot both be assessed in the same
individuals using immunostaining. Nevertheless, the sum of P3.p fusion
and division frequencies was close to 100% (Supplementary Table S1),
suggesting that P3.p either fused in the L2 stage or divided in the L3
stage. We can thus exclude a third fate for P3.p in C. briggsae, where it
would remain unfused without dividing.
Evolvability of P3.p cell division frequency
In order to investigate the evolvability of P3.p cell fate, we scored it
in 54 Mutation Accumulation (MA) lines that had been generated
starting from the C. elegans N2 strain (Vassilieva et al., 2000). These
lines were obtained by transferring a single random individual at eachB
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genetic and phenotypic effects of randommutational impact. After this
treatment, at least ﬁve lines displayed a signiﬁcant reduction of P3.p
division frequency and one line a signiﬁcant increase of P3.p division
frequency compared to N2 controls (Fig. 2C, Supplementary Table S2A,
C). P3.p division frequency is thus highly sensitive to randommutation,
and much more so than P4.p and other Pn.p cells (see Braendle et al.,
2010). The high evolvability of P3.p division frequency as determined in
MA lines shows that this phenotypic trait can easily change upon
random mutation in Caenorhabditis evolution.
Anterior vulval precursor cell competence is reduced within clade A
The increase in P3.p fusion frequency in clade A species
presumably reduces P3.p competence to adopt a vulval fate, since
cell fusion to hyp7 prevents vulval precursor cells from responding to
the inductive signaling from the anchor cell. However, remaining
unfused is only a prerequisite for vulval precursor cell competence, as
unfused cells may vary in their ability to be induced to a vulval fate.
Cell competence is ultimately deﬁned by the cell's ability to respond
to an inductive signal. A method to assess competence relies onA) Intact
B
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interactions between precursor cells is to measure the competence of
an isolated cell after laser ablation of the other vulva precursor cells.
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ablation of all other competent vulval precursor cells, i.e. P4.p to P8.p,
and quantitatively assessed P3.p ability to regulate to a vulval fate in
clade A species, where P3.p division frequency is reduced. The isolated
P3.p cell can adopt a variety of cell fates, which we scored as induced
to a vulval fate (1°, 2°, hybrid or intermediate fates), 3° (not induced),
or fused. P3.p fate regulation was found to be reduced in clade B
species (Figs. 3B, Supplementary Fig. S2A, C). In C. elegans, it was high,
except in the ED3054 isolate. P3.p ability to regulate was partially
uncoupled from its division frequency. Indeed, although P3.p fate
regulation was found to be low in clade B, its division frequency was
nevertheless relatively high in some isolates (e.g. C. briggsae JU725,
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(C. elegans CB4857 and CB4932, Figs. 3A, B).
We further analyzed the relative anterior vs. posterior precursor
competence in clade A species by scoring the regulation of P4.p and
P8.p after ablation of P3.p, P5.p, P6.p and P7.p (Supplementary
Fig. S2B). In C. elegans, C. japonica and C. sp. 7, P4.p and P8.p presented
similar induction levels, whereas in clade B species P4.p was
consistently less induced than P8.p (Fig. 3C). Finally, in C. remanei
isolates, P4.p and P8.p displayed an overall reduction in competence.
In sum, the level of anterior vulval precursor cell competence
varied within clade A. C. elegans distinguishes itself from the other
clade A species by conserving P3.p competence and a similar level of
regulation for P4.p and P8.p as observed in C. sp. 7. Therefore, a ﬁrst
event (black rectangle A in the phylogeny; Fig. 3) of decrease in P3.p
division frequency likely occurred in the ancestor of clade A species. A
second event (gray rectangle B) likely occurred during the diversiﬁ-0 
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Fig. 4. Variation of LIN-39 protein level proﬁles in vulval precursor cells of clade A species. The
staining in different isolates of (A, C and E) C. elegans, (B, D and F) C. briggsae, (G) C. rem
pb10−13): LIN-39 level is consistently at the lowest level in P3.p and P4.p, followed by
though P3.p division frequency varies greatly amongwild isolates. The LIN-39 peak is positioned
of scored individuals. Error bars represent standard errors. Statistical tests were applied betwe
*pb0.05; **pb0.01; ***pb10−3; t-test (when similar variances); •pb0.05; ••pb0.01; •••pb10−3cation of clade A, further decreasing P3.p and P4.p division frequency
and their competence to regulate to a vulval fate.
Evolution of the LIN-39 proﬁle in clade A
We previously showed that the level of LIN-39/Hox5 varied in
C. elegansN2along the rowof P(3–8).p cells,witha low level of LIN-39 in
P3.p and P4.p, a peak on P5.p and a progressive decrease towards P8.p.
The LIN-39 level inﬂuences competence, although in a less sensitive
manner than the levels of exogenous Wnts (see accompanying paper).
The LIN-39/Hox5protein level proﬁlewas thus scored byﬂuorescent
immunostaining in several Caenorhabditis species. We found that the
LIN-39 peak position varied within clade A, with a maximum on P5.p in
C. elegans and C. remanei, but on P6.p in C. briggsae and C. sp. 5. The LIN-
39 peak position was overall speciﬁc for a given species: in the three
tested C. eleganswild isolates, N2, ED3054 and KR314, the LIN-39 peak0 
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endogenous LIN-39 protein level in early L2 larvae was assessed by ﬂuorescent antibody
anei and (H) C. sp. 5. The LIN-39 proﬁle is heterogeneous in every species (ANOVAs:
P8.p and P7.p. LIN-39 is always detectable at a similar relative level in P3.p, even
onP5.p inC. elegans and C. remanei JU825, and onP6.p inC. briggsae and C. sp. 5. n: number
en adjacent cells and corrected for multiple testing by a sequential Bonferroni correction.
U-test (when different variances). §Data from Pénigault and Félix (accompanying paper).
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AF16 and JU725 isolates,whereas no signiﬁcantdifferencebetweenP5.p
and P6.p was detected in the HK105 isolate (Figs. 4A–F). Thus, the LIN-
39 peak shift correlated with antero-posterior competence variation
among vulva precursor cells: higher anterior competence in C. elegans,
higher posterior competence in C. briggsae (Supplementary Fig. S3). It is
however unclear whether this correlation corresponds to a causal
relationship.
The clade A isolates for LIN-39 immunostaining experiments were
chosen to display a large range of P3.p division frequencies, yet we did
not ﬁnd signiﬁcant changes in the relative LIN-39 level of P3.p that
would correlate with its division frequency (Fig. 4). We only found a
marginally signiﬁcant statistical difference in LIN-39 level between
P3.p and P4.p in C. briggsae AF16 (pb0.05; t-test with Bonferroni
correction, Fig. 4B). The LIN-39 level was however consistently lower
in P3.p than in P4.p in all wild isolates; the absence of statistical
differences between LIN-39 levels in P3.p and P4.p in one given wild
isolate was most likely due to a lack of statistical power (ANOVA for
P3.p vs. P4.p signal over all species, pb10−3).
Overexpression of Wnt/Cel-egl-20 rescues anterior competence in
C. briggsae AF16
The posteriorly expressedWnts EGL-20 and CWN-1 form a gradient
from the posterior end of the animal to the region of P3.p (Coudreuse
et al., 2006; Hayashi et al., 2009). The competence of anterior vulval
precursor cells is highly sensitive in C. elegans toﬁne changes in doses of
either EGL-20 or CWN-1 (accompanying paper). We thus tested
whether a variation in Wnt dose (or in the sensitivity of vulval
precursor cells to transduce these Wnt signals) could be involved in
anterior competence variation within clade A.
Wnt signaling is known to have a conserved function in the
speciﬁcation of vulval precursor fates in C. elegans and C. briggsae
(Seetharaman et al., 2010) and we focused on the reduction in P3.p
competence in C. briggsae. We created transgenic lines overexpressing
Cel-egl-20(+) and Cel-cwn-1(+) under their own cis-regulatory100
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Fig. 5. egl-20/wnt and cwn-1/wnt overexpression trigger anterior vulval precursor cell division
lines with extra-chromosomal transgenes increasing the doses of egl-20 or cwn-1 in (A) C
(C) Integration of the extrachromosomal array in AF16 leads to a further increase in P3.p di
overexpression in these lines. n: number of animals. Cel-myo-2::GFP is the transformation ma
on the left in each panel.sequences in C. briggsae AF16. Overexpression of either of these two
Wnts resulted in a signiﬁcant increase in P3.p division frequency
(Figs. 5B, C). We thus conclude that P3.p responds in a dose-dependent
manner to the levels of EGL-20/Wnt and CWN-1/Wnt in C. briggsae as in
C. elegans.
We then askedwhetherWnt overexpression could affect not only the
division frequency but also the competence of P3.p and P4.p inC. briggsae.
We used the two laser ablation paradigms shown in Supplementary
Fig. S2 to assess P3.p competence and the relative regulationof P4.p vs. P8.
p. In the latter experimental paradigm, P8.p is far more competent than
P4.p in C. briggsae AF16. Cel-egl-20(+) overexpression in C. briggsaeAF16
resulted in an increased P4.p competence to levels similar to P8.p,
mimicking the C. elegans N2 situation (Fig. 6). egl-20 overexpression in
C. briggsae AF16 also allowed P3.p to regulate to a vulval fate in some
individuals (Supplementary Fig. S4). Thus, egl-20/Wnt overexpression in
C. briggsae not only reconstitutes the C. elegans situation concerning P3.p
division frequency, but also increases the relative competence of anterior
cells of the vulval competence group.
We previously showed that in C. elegans, egl-20 overexpression
increases MAB-5 protein level in P7.p and P8.p, which in turn decreases
LIN-39 level in the same cells (accompanying paper). We therefore
wondered whether the measured LIN-39 protein level was affected by
Cel-egl-20(+) overexpression in C. briggsae (Supplementary Fig. S5).
Although the change is not dramatic, the LIN-39 protein proﬁle
signiﬁcantly differed between the egl-20 overexpressing strain and
AF16 (two-way ANOVA, cell×genotype interaction: p=0.02). The
proﬁle appeared overall slightly ﬂatter in the Cel-egl-20(+) over-
expressing strain, yet the peak position was not displaced on P5.p as in
C. elegans.
Discussion
We used the developmental phenotype of P3.p as a model system
that is highly sensitive to variation to place it in an evolutionary
context. We contrast here our results on P3.p with those obtained on
other Pn.p cells that display more invariant and robust fates.3.p P4.p
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P3.p fate sensitivity to stochastic noise is revealed by the discrete
inter-individual variation in an isogenic culture. P3.p sensitivity to0%
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Bgenetic variation is shown by two properties: the high mutability of
the relative frequency of P3.p fates in mutation accumulation lines
and its variation within and among species. P3.p sensitivity to the
macro-environment was uncovered in Braendle and Félix (2008): for
example, development of the animals with a food deprivation step
causes a decrease in P3.p division frequency in C. elegans, and an
increase in C. briggsae. By contrast, the fates of P(4–8).p, and
particularly of P(5–7).p, show little variation among individuals and
in different environments, low mutability and low evolutionary
variation (Braendle et al., 2010).
Mechanistically, P3.p speciﬁcation is the most sensitive of the Pn.p
cells to the dose of the long-range Wnt gradient from the posterior
region of the animal. Two Wnts are expressed posteriorly, egl-20 and
cwn-1. Remarkably, a half-dose of either of them is sufﬁcient to affect
P3.p division frequency in C. elegans. This half-dose mimics the
situation in C. briggsae. Conversely, we found that a Wnt excess
mimics the situation in Caenorhabditis species outside clade A (Fig. 7).
It is likely that the fading end of the long-range Wnt gradient, or its
downstream interpretation by P3.p and P4.p, is not ﬁne-tuned in C.
elegans and other clade A species. The absence of ﬁne-tuning may
cause the inter-individual stochastic variation between two discrete
cell fates, and the environmental and mutational sensitivity in the
relative frequency of P3.p fates.
Another example of long-range gradients in development are
those specifying domains in the early development of Drosophila
melanogaster, which are buffered against embryo size variation
(Holloway et al., 2006; Houchmandzadeh et al., 2002). The mater-
nally-derived Bicoid forms an antero-posterior protein gradient with
relatively high precision. Although the Hunchback protein proﬁle is
regulated downstream of Bicoid, it is more precise than that of Bicoid,
perhaps due to “self-correcting” mechanisms in the Bicoid input (He
et al., 2008). The robustness to embryo size and genetic perturbation
of the interpretation of the Bicoid gradient thus contrasts with the lack
of robustness of the Wnt gradient interpretation by P3.p in
Caenorhabditis.
In order to determine whether evolution in body size could account
for the evolution in P3.p fate, we measured the distance of P3.p relative
to the rectum in C. elegans N2 and C. briggsae AF16 at the early L2 stage.
We did not detect any signiﬁcant variation between the two species
(data not shown). Thus, interspeciﬁc variation in larval size cannot
account for the interspeciﬁc variation in P3.p competence between
C. elegans and C. briggsae. It is thus likely that other variations than that
in body size cause the evolutionary lability in P3.p fate frequency. We
propose that numerous variations in the Wnt gradient or its
interpretation may occur upon genetic variation and cause the
evolutionary lability in P3.p fate frequency.Evolutionary change in P3.p fate: mutability versus selection
Rates of phenotypic evolution depend on the combination of two
factors: i) the variational properties of the trait, i.e. its ease of change
upon randommutation and ii) the action of natural selection that may
prevent or accelerate the ﬁxation of the mutational variant compared
to expectations for neutral genetic drift. Concerning the variational
properties (i), P3.p division frequency is a highly variable trait uponFig. 6. P4.p competence is rescued by overexpression of Cel-egl-20(+) in C. briggsaeAF16.
The relative regulation of P4.p of P8.p was assayed by ablation of P3.p and P(5–7).p in the
early L2 stage (see Supplementary Fig. S2). (A) AF16, the reference C. briggsae wild-type
strain. (B) N2, the reference C. eleganswild-type strain. (C) Transgenesis control with the
pmyo-2::GFP transformationmarker in theAF16 background. (D) cwn-1 overexpression in
AF16 background. (E) egl-20 overexpression in AF16 background. (A and B) These results
are from the same experiment as in Fig. 3C. **pb0.01χ2-testwith four classes (P4.p and P8.
p induced, P4.p induced and P8.pnot induced, P4.p not induced andP8.p induced, P4.p and
P8.p not induced), in comparison with the transgenesis control in (C).
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Fig. 7. On the possible role of Wnt dose variation in the interspeciﬁc evolution of vulval
precursor cell competence. EGL-20 and CWN-1/Wnt form a gradient from the posterior
of the animal: green schematic proﬁle for mRNA expression in (A), for both proteins in
(B). Removing one of theWnts in C. elegansmimics C. briggsaeHK105, while halving the
dose of either of them mimics C. briggsae AF16. An increase in either of them mimics
outgroup Caenorhabditis species such as C. sp. 7. Our mechanistic and evolutionary
results are thus consistent with evolution in theWnt concentration in the middle of the
animal or in the downstream interpretation of Wnt signaling. Color codes as in Fig. 1.
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C. elegans and C. briggsae, where P3.p division frequency varies much
faster upon random mutation than the fates of P(4–8).p (Braendle
et al., 2010). Concerning selection (ii), the mutational variance
estimated from the Mutation accumulation lines can be compared
with the standing genetic variance for the trait among wild isolates of
C. elegans and C. briggsae: no sign of selection can be found for P3.p
variation. In contrast, the fates of the central cells P(5–7).p are even
less variant among wild isolates than during mutation accumulation,
and selection coefﬁcients of the order of 10% can be estimated for
stabilizing selection on P(5–7).p fates (Braendle et al., 2010). In sum,
the high mutational variability of P3.p fate is sufﬁcient to explain
intra- and inter-speciﬁc variation in P3.p division frequencies
observed during Caenorhabditis evolution. The fast rate of evolution-
ary change in P3.p fate in the Caenorhabditis genus is thus consistent
with neutral evolution and P3.p fate is not under strong stabilizing
selection like P(5–7).p fates.
At a longer evolutionary timescale, we previously found a bias in
the evolutionary pattern in P3.p variation. While analyzing the
pattern of change in different vulva development traits in the family
Rhabditidae, we found that P3.p fate is one of the most variant traits.
In addition, the trait shows a bias in the orientation of change, with
more frequent reductions than gains in P3.p competence (Kiontke
et al., 2007). Here wemay add onemore reduction event in the branch
leading to C. sp. 14. Indeed, when speciﬁcally tested, the molecular
data do not support the monophyly of C. sp. 14+clade A (Kiontke et
al., submitted). This biased pattern is consistent with either a biased
effect of random mutation on phenotypic change or the action of
selection towards a reduction in P3.p competence/division frequency.The biased effect of random mutation can be tested using the
mutation accumulation lines: indeed, in the dataset analyzed in this
work, more lines evolved towards low division frequencies than
towards high division frequencies. At the mechanistic level, this could
indicate that the Wnt gradient and its downstream interpretation can
bemore easily underactivated than overactivated bymutation (which
seems corroborated by the analysis of induced mutants). The
evolutionary trend reducing P3.p division frequency could thus have
a mutational origin. However, the reverse trend was observed using
MA lines started from another C. elegans wild isolate, PB306, or from
C. briggsae isolates. Moreover, the bias was not repeatable in an
independent set of MA lines derived from N2 at 250 generations
(Braendle et al., 2010). Whether there is a consistent direction of bias
in variational property of P3.p division frequency is thus unclear.
Alternatively, the evolutionary bias towards a reduction in P3.p
division frequency may be explained by selection. Which selective
pressure would bias for a decrease in P3.p competence and division
frequency per se is unclear. However, the biased evolutionary pattern
may also result from selection acting on the relevant genetic variation
through its pleiotropic action in other tissues, for example on Wnt
pathway regulation.
Detectable selection acts on P4.p and P8.p, stabilizing their
competent fate (Braendle et al., 2010). Some vulva pattern variants
require their presence for a complete vulva to form. For example, the
position of the anchor cell relative to Pn.p cells is somewhat variant and
as a result, the vulva pattern may be centered on either P5.p or P7.p
(instead of P6.p) (Braendle and Félix, 2008). The penetrance of such
variants may reach several percents of the individuals, depending on
both the wild isolate genetic background and the environment
(Braendle and Félix, 2008). This penetrance may be sufﬁcient to
explain the selection and maintenance of P4.p and P8.p competence in
Caenorhabditis. By contrast, a need for P3.p recruitmentwould require a
very aberrant positioning of the anchor cell or the absence of two cells
on the anterior side, which appear far more unlikely scenarios in
Caenorhabditis. Because of the inversion of effect of the posterior Wnts
on P8.p competence through mab-5 and their positive effect on P4.p
and P3.p competence (accompanying paper), the decrease in P3.p
competence could be due to a pleiotropic effect resulting from selection
acting to increase P8.p competence. A further combination of
mechanistic and evolutionary studies on this system will allow to
address this issue.
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